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ABSTRACT
Reliability Study of Electrical Distribution System with Local and Interregional
Bidirectional Centralized Electric Vehicle Charging Stations
Janine Gian Christii Cagape Darato

In this thesis, a method was developed to evaluate the impact of bidirectional
electric vehicle (EV) charging on power system reliability using Synergi Electric
software. Load profiles, EV availability, EV state-of-charge (SOC) were important
factors considered in this study. The analysis in this study is based on local and
interregional vehicle-to-grid (V2G) implementation at different load points in the system.
In general, local V2G implementation is observed to be more effective in improving
system reliability over interregional V2G power flow. System Average Interruption
Duration Index (SAIDI) and System Average Interruption Frequency Index (SAIFI)
improvements were observed to increase with increasing SOC but are less progressive
between higher SOCs. Based on the simulation results, the method proves to be sufficient
in calculating SAIDI and SAIFI reliability indices as the simulation results are
corroborated with theory.
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1. INTRODUCTION
As the impact of climate change continues to worsen, there has been a greater
push from legislation and the public to decrease the use of fossil fuels. Solutions from
this movement have come in the form of renewable technologies such as solar, wind,
geothermal, and hydropower. These have revolutionized power generation as sustainable
alternatives to the burning of fossil fuels for electricity. Today, many countries have
policies in place to steadily reduce the use of fossil fuels in favor of renewable energy to
mitigate the effects of climate change.
While there have been great strides in the power generation industry, innovation
in the transportation sector to decrease the use of petroleum has been less successful. In
2020 alone, petroleum products such as gasoline, jet fuel, and distillates make up over
90% of U.S. transportation sector energy use [1]. Efforts have been made to popularize
the use of biodiesel, ethanol, propane, natural gas, and hydrogen as alternatives for
gasoline. However, the weakness in these alternatives lie in the fact that each fuel is
either non-renewable or inefficient [2]. Biodiesel and ethanol fuels claim to be renewable,
but they are made up of vegetable oils and plant material that are mixed with petroleum
diesel which means these fuels still emit carbon when burned. In comparison, propane
and natural gas are still fossil fuels that contain less carbon emissions than gasoline [2].
While hydrogen fuel is a potential emission-free fuel, the extraction of hydrogen from
other compounds is an energy intensive process which offsets any carbon emissions
saved [3]. One common factor between each of these alternative fuels is the use of some
form of internal combustion engine (ICE). However, as long as ICEs are used, there will
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be direct carbon emissions in the form of exhaust from the transportation sector. Luckily,
developments in electric vehicles prove to be a promising future for the transportation
industry.
Hybrid-electric (HEV), plug-in electric (PHEV), and battery-electric vehicles
(BEV) are the three options for electric vehicles (EVs) today [4]. While HEVs and
PHEVs still use an internal combustion engine, both technologies incorporate electric
motors to improve vehicle efficiency and reduce emissions. HEVs may use gasoline but
they also charge a battery to power an electric motor through regenerative braking. The
use of this electric motor to drive the wheels allows for a smaller engine size which
improves the overall efficiency of the vehicle [5]. PHEVs are similar to HEVs but are
capable of battery charging directly through an electric power source and may operate in
all-electric mode using only the battery’s charge to power the vehicle [6]. BEVs are
powered solely through a high voltage battery and contain no ICE. Since this vehicle is
fully electric, there are no direct emissions from exhaust like with an ICE. However,
since BEVs must be charged through an external power supply, there are indirect
emissions involved depending on the method of electric power generation [7]. The
combination of BEVs with renewable power generation suggests that BEVs are the most
sustainable option for the future of transportation.
Today, less than 1 percent of all cars in the U.S. are EVs but policymakers are
pushing to increase this number [8]. Over 47 states are providing incentives for EVs like
tax credits and rebates [9]. At least 13 states have adopted California’s zero emission
vehicle (ZEV) standards to require manufacturers to sell a certain number of ZEVs per
year [9]. Automakers are also transitioning to EVs for future models with top brands like
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General Motors aiming to stop selling new gasoline-powered cars by 2035 [10]. With
new technology comes a need for new charging infrastructure for both residential and
commercial uses. The electrification of the transportation industry will inevitably result in
a significant increase in electric power consumption which poses another problem for
electric utility companies [11].
With the current infrastructure, widespread blackouts have occurred in populous
states like California and Texas due to severe weather conditions. In February 2021,
extreme cold weather caused outages at Texas gas plants which left at least 4.5 million
customers out of power in below freezing temperatures [12]. Thus, maintaining a reliable
power system is an essential task for utility companies as disruptions to the electrical grid
become more frequent with occurrences of natural disaster and the aging electrical
infrastructure. Electric utility companies must determine whether the current distribution
and transmission infrastructure is sufficient to bear the increased load and prepare the
electric power generation to support it.

3

2. BACKGROUND
In 2020, U.S. electricity customers experienced an average of eight hours of
power interruptions which is the longest average seen since 2013 [13]. Excluding major
events such as inclement weather or failing equipment, the average duration for power
outages stayed relatively consistent at just under 2 hours from 2013-2020 as shown in
FIGURE 2-1. These operating conditions make it even more difficult for utility
companies to provide uninterrupted power to customers when they need it most. To
combat this, power providers utilize predictive reliability analysis to mitigate outages by
analyzing the current network to find possible points of failure [14]. Once points of
failure are determined, then companies will incorporate protective devices in the system.
Reliability analysis not only benefits customers by preventing disruptions, but it also
benefits utility companies by helping them determine their most cost-effective project
with the highest reliability impact.

FIGURE 2-1: AVERAGE DURATION GRAPH [13]
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Reliability describes the performance of the power system in meeting the current
energy demand and the dependability of the system during unideal operating conditions
[14]. To ensure that all customers experience reliable electricity, the North American
Electric Reliability Corporation (NERC) was created by the Federal Energy Regulatory
Commission (FERC) to help develop the reliability standards that utilities must follow
[15]. Failure to comply with these standards will result in penalizations against the utility
company. To analyze performance, reliability must be quantified, which engineers
accomplish by evaluating reliability indices. There are three main standard reliability
indices discussed in this report: SAIDI, SAIFI, and CAIDI. SAIDI is the system average
interruption duration index which measures the average duration of an outage in the
network for a time period. SAIFI is the system average interruption frequency index
which is the average amount of outage occurrences in a time period. CAIDI is the
customer average interruption duration index which measures the average outage
duration that an interrupted customer in the network would experience. For these
numbers to provide any indication about the performance of the power system, they must
be compared to previous failure and repair data of the system. Many factors influence
power system reliability which include weather, equipment failure rate, service repair
times, power quality, and total system load along with others. With the expectation of
over 500,000 electric vehicles charging stations by 2030, power system reliability
becomes a greater concern [16].
Although there are many benefits to the electrification of transportation, it is
important to consider all its effects on the power grid. With the increased production of
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EVs, charging stations will replace gas stations which will not only increase the burden
on the grid but will also introduce power quality issues that will affect power system
reliability. Currently, there are three different methods of electric vehicle charging: Level
1, Level 2, and Level 3 [17]. Each method of charging is differentiated by the rate of
charging with Level 1 charging being the slowest with only 2 to 5 miles of range per hour
of charging. Level 2 charging has a higher rate at about 10 to 20 miles per hour of
charging and can operate up to 19.2 kW. Level 3 charging, also known as “DC Fast
Charging”, has a range of 60-80 miles per hour of charging and can supply up to 350 kW
of peak power [18]. Each level of charging can either operate with unidirectional or
bidirectional power flow. Bidirectional power flow allows for vehicle-to-grid (V2G)
interaction in addition to grid-to-vehicle (G2V) interaction which allows EVs to act as
both a load in G2V mode and as a distributed energy resource (DER) when in V2G mode
[19]. V2G establishes a two-way power flow between the grid and the EV and using EVs
as DERs during an outage can help limit the duration of an outage and improve power
system reliability. Since EVs are used primarily for transportation, the amount of energy
stored by the EV is dependent on battery size, daily usage of the vehicle, and duration of
the outage. For this reason, it is important to study the impact of bidirectional electric
vehicle charging on power system reliability since electric vehicles pose as both a load
and as source.
In [20], the authors analyzed the impact of EV charging stations on different
reliability indices using the IEEE 33 radial bus system shown in FIGURE 2-2 and
assumptions based on [21]. The authors first identified the strong and weak areas of this
radial system and then placed EV charging stations on those different areas to analyze the
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change in reliability. Five different scenarios were analyzed: 1) Fast station at bus 11
(strongest bus) 2) Fast station at bus 2 (strong) 3) Fast station at bus 24 (weakest bus) 4)
Fast station at bus 24 and bus 29 (weakest and weak) 5) Two fast stations at bus 24
(weakest). The base case is when no electric vehicles are involved. This study only takes
into consideration when the charging stations act as a load which represents only one
aspect of the current electric vehicle charging technology.

FIGURE 2-2: IEEE 33 RADIAL BUS SYSTEM [20]

Unlike [20], the authors in [22] simulated V2G integration on a small radial
power system as shown in FIGURE 2-3. Reliability indices are then calculated at
different load points in the grid with and without EVs to study the effects of V2G
discharge. The model also takes into consideration different load profiles for residential
and commercial loads throughout the year based on data from [23] and studies the effect
of the number of EVs on reliability. This study proves that as the number of EVs
increases, overall system reliability is improved as there is greater support for the grid
when needed. While this paper presents a very thorough methodology, only one scenario
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is considered with V2G implemented at Residential Load 2 and Commercial Load 1 as
opposed to different combinations of implementation.

FIGURE 2-3: SMALL RADIAL POWER SYSTEM [22]

[24] presents three different frameworks for bidirectional EV charging: vehicle to
home (V2H), vehicle to vehicle (V2V), and V2G. With V2H configuration, EVs are used
as another source for the home to help meet daily power demand. Implementation of
V2H would be relatively simple since each EV is connected to a simple home grid
similar to small scale renewable energy generation rather than the entire power
distribution network for the area. V2V incorporates V2H but instead of supplying a
singular home, multiple EVs would mainly keep power exchange within a community
and only interact with the grid when necessary. V2G is a larger scale framework with a
large number of EVs interacting directly with the greater distribution network. It acts as
another energy source for utilities rather than localized power flow as seen with V2H and
V2V.
In [25], the authors evaluate the reliability of the distribution system based on the
frameworks presented in [24] while including the contribution of each EV in islanding
8

mode and in grid connected mode. Islanding mode is when EVs are not connected to the
grid and act independently from the utility whereas grid-connected mode allows for
power flow between the greater distribution network and the EV. For each of these
modes, the reliability is evaluated for centralized and dispersed electric vehicle network
charging topologies. As shown in FIGURE 2-4a, centralized EV charging has all of the
EVs connected to one central bus that is then connected to the grid. This network
topology will most likely be seen in cities and other densely populated areas. FIGURE
2-4b is the dispersed network topology which shows each EV connected directly to each
household. With these two topologies, five different scenarios were created for analysis:
1) local vehicle-to-grid (V2G) and 2) interregional vehicle-to-grid for the centralized
topology and 1) vehicle-to-household (V2H), 2) V2H + local V2G, and 3) interregional
V2G for the dispersed topology. This study was very similar to [20] but focused more on
the impact of EVs under different grid topologies which is important since
implementation of this technology is still in progress.

FIGURE 2-4: CENTRALIZED VS. DISPERSED EV CHARGING NETWORKS [25]
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The objective of this thesis is to develop a distribution network model and study
the impacts of two-way power flow from bidirectional electric vehicle charging on
reliability indices. The V2G topology discussed in [24] and [25] will serve as the
framework for the distribution network model. While the previous papers used
computational methods for the evaluation of reliability indices, this thesis uses Synergi
Electric, a commercially available software. Parameters such as load profiles, number of
EVs, and EV battery capacity will impact results and must be taken into consideration.
Overall, this thesis aims to study the effects of bidirectional EV charging at different load
points in the system as well as the power flows associated with V2G on system
reliability.
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3. DESIGN REQUIREMENTS
This project seeks to model a distribution system and analyze the impact of
bidirectional electric vehicle charging on the reliability of the power system. Network
topology, distribution system configuration, customer load profiles, and electric vehicles
are all factors that influence system reliability. Any assumptions or data used in modeling
these factors are addressed in this chapter.

3.1 Topology
For power system studies, it is important to consider the local network topology
and power flow since they will directly influence the EV power contribution during
system faults. This study will model the centralized charging topology of [25] in which
all electric vehicles at a load point will be connected to a single bus as shown in FIGURE
3-1.This topology is most likely seen in workplaces, public charging stations, or
apartment buildings. When the electric vehicle acts as a source, local V2G and
interregional V2G are the two power flows that will be analyzed in this study. FIGURE
3-1a shows the centralized topology with local V2G. This configuration assumes that the
customer and electric vehicles are disconnected from the grid during the fault. The power
supplied by the electric vehicles will be used to directly power the local customer similar
to how a microgrid would function. FIGURE 3-1b shows the Interregional V2G
centralized topology which assumes that power flow extends to the overall distribution
system.
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FIGURE 3-1: CENTRALIZED EV CHARGING TOPOLOGY. (a) LOCAL V2G (b) INTERREGIONAL
V2G

3.2 Distribution System
This paper uses the simple radial distribution system from [26] which is shown in
FIGURE 3-2. This system consists of three primary feeder sections that connect the
lateral distribution lines to the bulk power system. Load points A, B, and C are connected
to the primary feeder sections by lateral distribution lines and each load point represents
250, 100, and 50 customers, respectively. Radial distribution configurations are generally
simple and low-cost designs due to only one connection to the bulk power system.
Therefore, a fault at any point in the system can cause an outage for all three load points.
Since the purpose of V2G is to restore power for customers experiencing an outage, this
simple radial distribution system is ideal for testing the effectiveness of V2G.
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FIGURE 3-2: SIMPLE RADIAL SYSTEM

To increase reliability of the system, protective devices are necessary to
sectionalize the distribution system and make it easier to isolate a fault. Isolating only the
faulted section of a distribution system helps restore power and reduces the number of
customers experiencing an outage. There are two switches located on primary feeder
sections and a fuse at each lateral line. If a fault were to occur at any of the three load
points, the fuse would open and isolate the fault to prevent the other load points from
experiencing an outage. If a fault were to occur on a primary feeder section, the closest
upstream switch would operate and sectionalize the rest of the distribution system from
the fault. Any customers downstream of the opened switch would experience an outage
while those upstream would have restored power.
Since the distribution system is composed of individual components, the
reliability of the system is dependent on the reliability of each component. The failure
13

rate of components determines the frequency of failure for the component while the
repair and restoration time determines the duration of an outage. For the primary and
lateral distribution lines, the failure rates are assumed to be 0.1 f/mi/yr and 0.25 f/mi/yr.
The repair times for these lines are assumed to be 3 hours and 1 hour, respectively. The
failure rate of the circuit breaker and station transformer are obtained from the Roy
Billinton Test System (RBTS) and are assumed to be 0.0066 f/yr and 0.02 f/yr,
respectively [26]. Since the first 2 miles of the primary feeder are in series with these
components, the failure rates of the circuit breaker and station transformer added to the
failure rate of this section and the calculation can be seen below.
𝐹𝑒𝑒𝑑𝑒𝑟 𝑍𝑜𝑛𝑒 𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑅𝑎𝑡𝑒 = 0.1 𝑓/𝑚𝑖/𝑦𝑟 +

0.0066 𝑓/𝑦𝑟 + 0.02 𝑓/𝑦𝑟
2 𝑚𝑖𝑙𝑒𝑠

= 0.1133 𝑓/𝑚𝑖/𝑦𝑟

(3-1)

In addition, the sectionalizing time for the switches along the primary distribution
lines are assumed to be 0.5 hr. These assumptions are summarized below in TABLE 3-1.

TABLE 3-1: SYSTEM FAILURE DATA

Failure Rate
(f/mi/yr)

Repair Time
(hr)

Sectionalizing Time
(hr)

0.1133

3

-

Primary Section

0.1

3

-

Lateral Section

0.25

1

-

-

-

0.5

Feeder Zone

Manual Switches
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3.3 Load Profile
Aside from the network requirements, another contributing factor for this study
includes the load profile of each load point in the system. This paper assumes an annual
peak consumption of 10 kW per person [25]. The IEEE Reliability Test System (RTS) is
used to model the hourly load profile as a percentage of the weekly peak demand to
compare the results of the reliability evaluation [27]. These weekly peak demands are
calculated as a percentage of the annual peak demand. The RTS was created by IEEE so
that power system analysis results obtained by different methods could be compared to
one another. FIGURE 3-3 shows the load curves of the RTS.

FIGURE 3-3: IEEE RTS LOAD DATA [27]
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3.4 Electric Vehicles
For electric vehicles, energy contribution is largely dependent on the maximum
battery capacity of the EV as well as the state of charge throughout the day. According to
[28], the current usable battery capacity for the EV market spans from 16 kWh to 108
kWh with an average of 61.5 kWh. With more brands expected to design and innovate
electric vehicles in the near future, the usable battery capacity is expected to increase so
this study assumes 100 kWh for the maximum usable battery capacity. The available
energy to be supplied throughout the day is impacted by daily travel and charging
requirements. The daily usage pattern is assumed to be constant for all EVs in this thesis
and the availability of EVs throughout the day is assumed to follow the average daily
usage pattern reported in [29] as a percentage of the maximum EVs at each load point
and is shown in FIGURE 3-4.

FIGURE 3-4: DAILY CHARGING STATION OCCUPANCY [5]
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The maximum amount of EVs at each load point is assumed to be equal to the
number of customers at each load point. In addition to the number of EVs available, the
state of charge (SOC) of each EV affects the available energy to be supplied. This study
evaluates the impact of EVs on the reliability of the distribution system at three different
states of charge: 10%, 50%, and 90%. Since electric vehicles are used as a distributed
energy resource (DER) in V2G mode, the failure rates of the EV and charging station
must be taken into account for each load section. The failure rate of the EV system is
obtained from [30] and calculated to be 0.13716 f/yr. This failure rate must be considered
within the lateral section failure rate when EVs are present at each load point.
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4. DESIGN
This chapter addresses the design and testing of the distribution network model
incorporating EVs using Synergi Electric. In order to create an accurate model of electric
vehicles as DERs, the simple radial distribution network in Chapter 3 must be altered.
This chapter will discuss the limitations of the commercial software on the system’s
model, as well as potential solutions. Lastly, this section concludes with a review of the
model’s testing schema.

4.1 Model
The simple radial distribution system discussed in the previous chapter serves as
the base model for this project. Using the failure rate and repair time information from
[26], the system was constructed in Synergi Electric shown in FIGURE 4-1 and the base
case reliability values are shown below in TABLE 4-1.

18

FIGURE 4-1: BASE CASE MODEL

TABLE 4-1: BASE CASE MODEL RESULTS

SAIFI (interruptions/yr)

SAIDI (hr/yr)

CAIDI (hr)

0.93

3.4

3.64

To create a more accurate model, this study starts by introducing the failure rates
of the substation transformer and circuit breaker to the first two miles of the primary
feeder. Introducing this non-ideality yields a failure rate of 0.1133 f/mi/yr as opposed to
19

just the failure rate of the line which is 0.1 f/mi/yr. As a result of this change, the
reliability indices increase slightly as shown in TABLE 4-2.

TABLE 4-2: NON-IDEAL BASE CASE MODEL RESULTS

SAIFI (interruptions/yr)

SAIDI (hr/yr)

CAIDI (hr)

0.96

3.64

3.79

In order to model EVs as DERs in Synergi Electric, they must be modeled as a
“microsource”. Microsources act like a backup source when connected to the system
which allows the sections connected to the microsource to form a microgrid when
isolated from the grid. Synergi Electric’s algorithm for reliability analysis simulates a
fault at every device in the model and for each fault, the algorithm considers the best
method for isolation and restoration of customers. To ensure that the microsource is only
enabled when the connected section is isolated from the overall system, a switch must be
placed upstream of the microsource. The switch must be modeled in the “open” position
and “normally open” so that when the section is isolated from the grid, if the fuse blows,
the switch is closed and the microsource restores the customers at the connected section.
FIGURE 4-2 shows the switch and microsource modeled in Synergi Electric.
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FIGURE 4-2: MICROSOURCE AND SWITCH IN SYNERGI ELECTRIC

However, the software is limited in that it does not consider battery capacity when
conducting reliability analysis. The software assumes that the battery modeled as the
microsource is appropriately sized and capable of sustaining the duration of any outage essentially operating as an infinite bus when enabled. This limitation is detrimental to the
study because capacity is an essential component when accurately studying the impacts
of V2G on power system reliability. Batteries only have a finite amount of energy stored
and for EVs specifically, this capacity fluctuates throughout the day depending on travel
demands. The capacity and availability of the number of EVs able to support the load
point during an outage directly affects the SAIDI, SAIFI, and CAIDI reliability indices.
The challenge now lies in incorporating EV battery capacity with the reliability
analysis calculations in Synergi Electric. The traditional methods of reliability analysis
only consider factors such as failure rates (𝜆), number of customers interrupted (𝑁𝑖 ),
number of customers served (𝑁𝑇 ), and restoration times (𝑟𝑖 ). To model the impact of
available capacity in the reliability calculations, the ratio of the available capacity of the
EVs and demand are converted into the number of customers that would be restored by
EVs at the hour, 𝑁𝑅 .
𝑁𝑅 =

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑘𝑊ℎ)
𝑑𝑒𝑚𝑎𝑛𝑑 (𝑘𝑊)
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∗

𝑁𝑖
ℎ

( 4-1 )

This value is then added to 𝑁𝑖 because when EVs are not present in the system, the total
number of customers should stay the same as the base case values of 250, 100, and 50
customers at load points A, B, and C. The ratio of capacity and demand is multiplied by
the number of customers interrupted, 𝑁𝑖 , if an outage were to occur at this hour. This new
value 𝑁𝑅 would then go on to replace 𝑁𝑖 in calculations for SAIDI, SAIFI, and CAIDI
which are shown below.
𝑆𝐴𝐼𝐷𝐼 = 𝛴
𝑆𝐴𝐼𝐹𝐼 = 𝛴
𝐶𝐴𝐼𝐷𝐼 =

𝑟𝑖 (𝑁𝑅 + 𝑁𝑖 )

( 4-2 )

𝑁𝑇
(𝑁𝑅 +𝑁𝑖 )

( 4-3 )

𝑁𝑇

𝛴𝑟𝑖 (𝑁𝑅 + 𝑁𝑖 )
𝛴𝑁𝑇

=

𝑆𝐴𝐼𝐷𝐼
𝑆𝐴𝐼𝐹𝐼

( 4-4 )

However, simply changing the number of customers at the section is not enough.
Simulating the scenario when EVs do not have any charge to support any portion of the
load does not yield comparable results to the base case scenario when EVs are not present
in the system.
Therefore, an equivalent model must be created that will yield similar results to
the base case model. The following considerations must be taken into account to create
this equivalent model:
1. Customers lost if failure occurs at the section
2. Customers lost if EVCS system fails
3. Customers lost if both EVCS and section fails
Based on these conditions, the events of failure for the section failing and the EVCS
system failing are non-mutually exclusive events. Given these events are non-mutually
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exclusive, the probability of failure for the system can be summarized by the addition
theorem of probability.
𝑃(𝐴 𝑜𝑟 𝐵) = 𝑃(𝐴) + 𝑃(𝐵) − 𝑃(𝐴 𝑎𝑛𝑑 𝐵)

( 4-5 )

This relationship is commonly modeled in circuits with series and parallel components.
When components are modeled in series, if one component fails the other must fail which
describes the P(A and B) portion of equation ( 4-5 ). For a series configuration, the
probabilities of failure for each event, P(A) and P(B), are multiplied together to calculate
the probability of both events occurring. Parallel components on the other hand, can
sustain their function if one component fails. In the parallel configuration, since the
probability of A failing is independent of the probability of B failing, the probabilities of
failure must simply be added together to calculate the total probability of failure. All
failure rates in this study are much less than 1 f/mi/yr therefore this insignificant value is
disregarded for simplicity in modeling the system and yielding ( 4-6 ).
𝑃(𝐴 𝑜𝑟 𝐵) ≈ 𝑃(𝐴) + 𝑃(𝐵)

( 4-6 )

Without the mutual term included in the relationship, equation ( 4-7 ) describes a simple
parallel configuration to represent as an equivalent circuit model. While the sections
connecting the load points to the primary feeder are now modeled as parallel lines, the
previous failure rate of 0.25 f/mi/yr must still be achieved when no EVs are connected to
the system and should yield a similar failure rate to the base case. This is not as simple as
splitting the failure rate in half because the two resultant failure rates of the parallel lines
should be equivalent. The task at hand is to model the singular series failure rate of 0.25
f/mi/yr (𝜆𝑠𝑒𝑟𝑖𝑒𝑠 ) into two parallel failure rates. Failure rate (𝜆) itself is a constant rate rate
over time and allows reliability to be modeled by an exponential probability distribution.
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𝑅(𝑡) = 𝑒 −𝜆𝑡

( 4-7 )

This exponential distribution essentially describes that with time the component
becomes less reliable. While the mutual term is excluded in the simulation for
simplification, equation ( 4-5 ) is still used for the purposes of calculating the new failure
rates.
𝑅(𝑡) = 𝑒 −𝜆𝑡 + 𝑒 −𝜆𝑡 − ( 𝑒 −𝜆𝑡 ∗ 𝑒 −𝜆𝑡 )

( 4-8 )

𝑅(𝑡) = 2𝑒 −𝜆𝑡 − 𝑒 −2𝜆𝑡

( 4-9 )

The equivalent parallel failure rate is then calculated from the relationship in equation (
4-10 ).
𝜆𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =

1

( 4-10 )

∞
∫0 𝑅(𝑡)

Equation ( 4-9 ) is then used to solve equation ( 4-10 ) for the equivalent parallel failure
rate.
∞

∫0 2𝑒 −𝜆𝑡 − 𝑒 −2𝜆𝑡 𝑑𝑡 =
𝜆𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =

2
𝜆

−

1
2𝜆

=

3
2𝜆

2𝜆
3

The relationship between series and parallel systems is described by FIGURE 4-3.

FIGURE 4-3: EQUIVALENT PARALLEL CONFIGURATION
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( 4-11 )
( 4-12 )

Using this relationship, the equivalent parallel failure rate can be calculated to 0.375
f/mi/yr.
𝜆𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =

2𝜆𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

0.25 𝑓/𝑚𝑖/𝑦𝑟 =

3
2𝜆𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
3

𝜆𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 0.375 𝑓/𝑚𝑖/𝑦𝑟

( 4-13 )
( 4-14 )
( 4-15 )

A new base case simulation is modeled using the calculated equivalent parallel
failure rate in Synergi Electric as shown in FIGURE 4-4. All lateral cables connecting the
load points to the primary feeder are now configured as parallel lines with a failure rate of
0.375 f/mi/yr. Each parallel line also has 250, 100, and 50 customers based on the load
point. Although the SAIDI value is not the same as the previous base case in FIGURE
4-1, the percent error between the two values is approximately 20%. This 20% difference
is likely because parallel components typically share two of the same nodes. However, in
Synergi Electric connecting both nodes of the parallel components would create a loop
causing the reliability analysis to fail.
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FIGURE 4-4: PARALLEL LINE BASE CASE MODEL IN SYNERGI ELECTRIC
TABLE 4-3: PARALLEL LINE BASE CASE RESULTS

SAIFI (interruptions/yr)

SAIDI (hr/yr)

CAIDI (hr)

1.6

4.06

2.54

Now that the final base case circuit model is determined, the EVs must be
implemented. Since EVs will be connected to the grid for the purpose of V2G power
flow, the failure rates of the EV and EV charging system must be taken into
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consideration. Using values from [30], the total failure rate of the charging station is
calculated below.
𝜆𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 + 𝜆𝑏𝑎𝑡𝑡𝑒𝑟𝑦 + 𝜆𝑒𝑛𝑒𝑟𝑔𝑦 𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡 𝑢𝑛𝑖𝑡 + 𝜆𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 + . ..
+ 𝜆𝑚𝑜𝑡𝑜𝑟 + 𝜆𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 + 𝜆𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑠𝑦𝑠𝑡𝑒𝑚 = 0.13716 𝑓/𝑦𝑟

( 4-16 )

Like the process of including the substation transformer and circuit breaker, this
failure rate must be accounted for when EVs are present at each load point. In Synergi
Electric, only failure rates of the transmission lines are taken into consideration when
conducting reliability analysis. Therefore, the EVCS failure rates must be calculated into
the failure rates of the connected sections. While each load point is connected to the
primary feeder via lateral lines with the same failure rate, the length of the line differs
which results in slightly different failure rate for each section when including EVs.
𝜆𝐸𝑉𝐶𝑆−𝐴 = 0.375 𝑓/𝑚𝑖/𝑦𝑟 +
𝜆𝐸𝑉𝐶𝑆−𝐵 = 0.375 𝑓/𝑚𝑖/𝑦𝑟 +
𝜆𝐸𝑉𝐶𝑆−𝐶 = 0.375 𝑓/𝑚𝑖/𝑦𝑟 +

0.13716 𝑓/𝑦𝑟
3 𝑚𝑖
0.13716 𝑓/𝑦𝑟
2 𝑚𝑖
0.13716 𝑓/𝑦𝑟
1 𝑚𝑖

= 0.4207 𝑓/𝑚𝑖/𝑦𝑟

( 4-17 )

= 0.44358 𝑓/𝑚𝑖/𝑦𝑟

( 4-18 )

= 0.51216 𝑓/𝑚𝑖/𝑦𝑟

( 4-19 )

When EVCS are present at the load point, one parallel line will have the base case failure
rate and the other parallel line will have the EVCS failure rate. As previously mentioned,
the number of customers will be varied to simulate the change in EVCS capacity
throughout the day. The IEEE RTS System is used to provide weekday and weekend 24hour load models for 3 different seasons for an annual peak demand of 10kW per person.
FIGURE 3-3 discussed in the previous chapter is used to create the 24-hour available
capacity curve that is assumed to remain constant during the year.
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4.2 Testing
The analysis of this study is focused on different scenarios of EV placement at
different load points, power flow combinations, and state of charge of the EVs. The
current base case model contains fuses that sectionalize each load point when a fault
occurs which is ideal for local V2G power flow. However, for modeling interregional
power flow, the fuse is removed from the section with V2G so that power extends to the
greater distribution system. FIGURE 4-5 shows how local V2G is implemented at load
point A. To simulate interregional V2G, the fuse shown in blue is removed.

FIGURE 4-5: LOCAL V2G AT LOAD POINT A

There are a total of 27 different scenarios for this study and for each scenario a 24-hour
reliability analysis is conducted for the 6 load models of the RTS. These 27 scenarios are
then evaluated at 10%, 50%, and 90% EV state of charge which will impact the energy
capacity contribution to the system. TABLE 4-4 shows the EV placement and power flow
combinations studied in this thesis.
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TABLE 4-4: SIMULATION SCENARIOS

Scenario

Load Point A

Load Point B

Load Point C

Base Case

No EVs

No EVs

No EVs

2

Local V2G

No EVs

No EVs

3

Interregional

No EVs

No EVs

4

No EVs

Local V2G

No EVs

5

No EVs

Interregional

No EVs

6

Local V2G

Local V2G

No EVs

7

Interregional

Local V2G

No EVs

8

Local V2G

Interregional

No EVs

9

Interregional

Interregional

No EVs

10

No EVs

No EVs

Local V2G

11

No EVs

No EVs

Interregional

12

Local V2G

No EVs

Local V2G

13

Interregional

No EVs

Local V2G

14

Local V2G

No EVs

Interregional

15

Interregional

No EVs

Interregional

16

No EVs

Local V2G

Local V2G

17

No EVs

Interregional

Local V2G

18

No EVs

Local V2G

Interregional

19

No EVs

Interregional

Interregional

20

Local V2G

Local V2G

Local V2G

21

Interregional

Local V2G

Local V2G

22

Local V2G

Interregional

Local V2G

23

Interregional

Interregional

Local V2G

24

Local V2G

Local V2G

Interregional

25

Interregional

Local V2G

Interregional

26

Local V2G

Interregional

Interregional

27

Interregional

Interregional

Interregional
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5. SIMULATION & RESULTS
With three SOCs, 27 scenarios per SOC, and six 24-hour load models per scenario,
there are a total of 11,664 different simulations in this study. To automate this process, a
few Synergi Electric tools were utilized. The first step was to create an Excel file to
calculate the number of customers at each load point when EVs are present at each load
point using the methodology discussed in Chapter 4. An example calculation is shown
below for 50% SOC and hour 0 of the Winter Weekday load model.
𝐷𝑒𝑚𝑎𝑛𝑑 = 5.75 𝑘𝑊 𝑝𝑒𝑟 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟
𝐿𝑜𝑎𝑑 𝑃𝑜𝑖𝑛𝑡 𝐴 𝐷𝑒𝑚𝑎𝑛𝑑 = 250 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 𝐷𝑒𝑚𝑎𝑛𝑑 = 1437.51 𝑘𝑊

( 5-1 )
( 5-2 )

𝐸𝑉 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑀𝑎𝑥. 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝 ∗ 𝑆𝑂𝐶 ∗ 𝐸𝑉 𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 ∗ # 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ( 5-3 )
𝐸𝑉 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑎𝑡 𝐿𝑜𝑎𝑑 𝑃𝑜𝑖𝑛𝑡 𝐴 = 100 𝑘𝑊ℎ ∗ 50% ∗ 10% ∗ 250 = 1250 𝑘𝑊ℎ ( 5-4 )
𝑁𝑅 =

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑘𝑊ℎ)
𝐷𝑒𝑚𝑎𝑛𝑑 (𝑘𝑊)

∗ 𝑁𝑖 =

1250 𝑘𝑊ℎ
1437.51 𝑘𝑊

∗ 250 = 217.38 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠

𝑁𝑖 + 𝑁𝑅 = 467.38 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠

( 5-5 )
( 5-6 )

The above calculation was conducted for all six 24-hour load models for each
load point. Python was then used to read the Excel file and create text files for the Model
Cleanup and Recipe scripts that will be used in Synergi Electric. The Model Cleanup
scripts are used to change the number of customers at a section. For each scenario, a total
of 144 Model Cleanup scripts must be created. An example of a Model Cleanup Script
for the above example is shown for EVCS present only at load point A in FIGURE 5-1.

FIGURE 5-1: MODEL CLEANUP SCRIPT EXAMPLE
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The first argument, “4058”, indicates a Model Cleanup command to set a value.
The second argument is a boolean value that specifies whether the actions of this
command are included in the Model Cleanup report. The third argument,
“InstMymLoads”, is the name of the table in the model database file that the value is
being set to. The fourth argument is the match value type used to verify the value of the
fifth argument indicating the correct location in the table to be changed. The sixth
argument is the value to be set. All three lines are identical because this Model Cleanup
script is only for load point A, as indicated by the SectionId, and the number of customers
is changed per phase so the value computed in equation ( 5-6 ) is split by three.
The Recipe script is a macro used to run each Model Cleanup script, conduct a
reliability analysis, and save the data to a Microsoft Access Database file. An example of
this script can be found below. The script must start with “Recipe.Start” and end with
“Recipe.End” for the program to finish executing the macro. The second line indicates
the analysis to be run, the path of the Model Cleanup script, and a boolean value to
indicate whether a report should be generated. The third line shows a reliability analysis
should be run when the Model Cleanup script is loaded and ‘0’ specifies no report to be
generated. The fourth line indicates that the reliability analysis results should be saved to
a specified database in a table format. In FIGURE 5-2, the data called “Reli_Tot_Feeder”
will be saved in a table called “Summary_1” in a database named “Reli_Results”.

FIGURE 5-2: RECIPE SCRIPT EXAMPLE
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Once all the data is collected and stored in the Microsoft Access Database file, a
Microsoft VBA script is run to export all tables into individual CSV files which are then
imported to MATLAB for generating the 27 scenario plots.

5.1 Results
The simulation results from 50% SOC will be discussed in the following order:
single-load point, two-load point, and three-load point V2G implementation. Results
from 10% and 90% SOC will be compared at the end. Each scenario will have two plots
for time-of-day SAIDI and SAIFI curves with the indices calculated for an annual rate.
Although reliability indices are not traditionally represented with time-of-day curves,
energy availability varies greatly over a 24-hour period with DERs so it is important to
plan for the range of outages that could be experienced throughout the day. While only
specific simulation results will be included in this chapter, the complete simulation
results can be found in the Appendix.

5.2 Single-Load Point
Scenarios 2-3, 4-5, and 10-11 are the cases for single-load point V2G
implementation which means local and interregional V2G were evaluated at individual
load points A, B, and C, respectively. FIGURE 5-3 to FIGURE 5-8 show the results for
local and interregional V2G implementation.
Between local and interregional V2G power flow, local V2G yields a greater
SAIDI reduction overall. Comparing the three load points, local V2G implementation at
load point B has the greatest maximum average reduction of 2.06 hours from the base
SAIDI value of 4.06 hours. This is shown in FIGURE 5-5a between the hours of 10am to
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3pm. A reason for this is because load point B is connected directly to the longest
primary feeder section and located downstream of a switch. The longest primary section
is subject to higher chances of failure resulting in customers at load point B and C
typically experiencing 3-hour outages when this occurs. As opposed to load point A,
whose customers would only normally experience a half hour outage as the switch
operates. Since load point B has a greater number of customers than load point C, the
impact on the total system SAIDI when local V2G is present is the greatest out of the
three load points.
Although scenario 5 had the greatest maximum average reduction in SAIDI, the
SAIFI values are most reduced when local V2G is implemented at load point C. FIGURE
5-7b shows the simulated SAIFI results. Load point C has the lowest failure rate since the
section is only 1 mile long and has the lowest number of customers out of the three load
points. Since SAIFI is only dependent on failure rate and customer count, this result is
justified.
For interregional V2G, load points A and B (FIGURE 5-4a and FIGURE 5-6a)
reported higher SAIDI and SAIFI results than the base case. These results make sense
since these load points encompass 62.5% and 25% of total customers in the system. Lack
of sectionalizing for these sections would leave customers at a maximum outage duration
of three hours. Interregional V2G at load point C (FIGURE 5-8) reported lower SAIDI
and SAIFI results than the base case which is also expected since there is only one mile
of primary feeder section downstream of the load point and a switch ready to isolate any
faults.
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One unexpected result was that local V2G at load point A shown in FIGURE 5-3b
reported an inverse relationship between SAIDI and SAIFI curves and greater SAIFI
values than the base case of 1.6 f/yr. The methodology outlined in Chapter 4 is based on
changing the number of customers when V2G is present in the system. Load point A has
250 customers which is already over 60% of customers in the system and is also the
longest lateral section at 3 miles long. Calculating the failure rate of this section results in
a failure rate of 1.2621 f/yr. With a failure rate greater than 1 f/yr and increasing
customer count, the number of interruptions will inevitably be greater than the base case
value. This relationship is shown in the SAIFI proof below where r is the variable for
failure rate of the section and is proportional to the length of each section. Equation ( 5-7
) represents the calculation for the base case SAIFI value as a function of the failure rate.
In equation ( 5-8 ), the number of customers at load point B are increased and result in a
decreased SAIFI. In equation ( 5-9 ), the number of customers at load point A are
increased and result in an increased SAIFI.
SAIFI = (250 customers ∗ 3r) + (100 customers ∗ 2r) +
(50 customers ∗ r) =

1000𝑟
400

= 2.5 r

( 5-7 )

𝑆𝐴𝐼𝐹𝐼 = (250 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 3𝑟) + (500 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 2𝑟) +
(50 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 𝑟) =

1800𝑟
800

= 2.25 𝑟

( 5-8 )

𝑆𝐴𝐼𝐹𝐼 = (500 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 3𝑟) + (100 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 2𝑟) +
(50 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 ∗ 𝑟) =

4450𝑟
1550

= 2.7 𝑟

( 5-9 )

Another unexpected result was that interregional V2G at load point B, shown in
FIGURE 5-6a, reported a constant SAIDI of 4.5 hours. Load point B is centrally located
in the system, sandwiched between two switches, and directly connected to the longest
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primary feeder section. Removing the sectionalizing fuse would subject customers at load
point B to 3-hour long outages when there is a fault at the primary, 1-hour outages when
there is a fault at the load point B section, and half an hour for either upstream or
downstream switch to isolate. This change also affects the outage duration for customers
at load point A and C as well. Equations ( 5-10 ) to ( 5-13 ) are the total system SAIDI
calculation proofs using duration values from the scenarios 4 and 5 simulations. The
variable c is the customer count at load point C and the customer counts at load points A
and B are shown as a function of c.
(1.34 ∗ 4.74𝑐) + (3.44 ∗ 5𝑐) + (4.11 ∗ 𝑐) =
(1.34 ∗ 4.85𝑐) + (3.44 ∗ 5𝑐) + (4.11 ∗ 𝑐) =

27.662𝑐
10.74𝑐
27.809𝑐
10.85𝑐

= 2.575

( 5-10 )

= 2.56

( 5-11 )

48.33𝑐

(4.5 ∗ 4.74𝑐) + (4.26 ∗ 5𝑐) + (5.75 ∗ 𝑐) = 10.74𝑐 = 4.5
(4.5 ∗ 4.85𝑐) + (4.26 ∗ 5𝑐) + (5.75 ∗ 𝑐) =

48.825𝑐
10.85𝑐

= 4.5

( 5-12 )
( 5-13 )

Equations ( 5-10 ) and ( 5-11 ) is the system under the local V2G condition at load
point B which shows the outage duration of load point B at 1.34 hours, 3.44 hours at load
point A, and 4.11 hours at load point C. The difference between these outage duration
values are 𝛥𝑡𝐴𝐵 = 2.1 ℎ𝑜𝑢𝑟𝑠, 𝛥𝑡𝐶𝐵 = 2.77 ℎ𝑜𝑢𝑟𝑠, and 𝛥𝑡𝐶𝐴 = 0.67 ℎ𝑜𝑢𝑟𝑠. Between
equations ( 5-10 ) and ( 5-11 ), the customer count at load point B increases and the total
system SAIDI decreases. Equations ( 5-12 ) and ( 5-13 ) are the same customer counts
under the interregional V2G condition at load point B and subsequently show the effect
in outage duration experienced by each load point. In this scenario, the difference
between these outage duration values are 𝛥𝑡𝐴𝐵 = .24 ℎ𝑜𝑢𝑟𝑠, 𝛥𝑡𝐶𝐵 = 1.25 ℎ𝑜𝑢𝑟𝑠, and
𝛥𝑡𝐶𝐴 = 1.49 ℎ𝑜𝑢𝑟𝑠. As a result of the much smaller differences in outage duration
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between load points A and B, the locations with the highest customer counts, the total
system SAIDI value remains constant at 4.5 hours.

FIGURE 5-3: SCENARIO 2 SIMULATION RESULTS

FIGURE 5-4: SCENARIO 3 SIMULATION RESULTS
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FIGURE 5-5: SCENARIO 4 SIMULATION RESULTS

FIGURE 5-6: SCENARIO 5 SIMULATION RESULTS
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FIGURE 5-7: SCENARIO 10 SIMULATION RESULTS

FIGURE 5-8: SCENARIO 11 SIMULATION RESULTS
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5.3 Two-Load Point
The results for two-load point V2G implementation are shown in scenarios 6-9
and 12-20. Many of the findings seen with single-load point implementation remain
consistent with two-load point implementation. Local V2G continues to yield higher
SAIDI reductions than interregional V2G and higher customer count combinations, such
as load points A and B versus load points B and C, results in a great maximum SAIDI
duration which is shown in FIGURE 5-9 and FIGURE 5-10.

FIGURE 5-9: SCENARIO 6 SIMULATION RESULTS
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FIGURE 5-10: SCENARIO 16 SIMULATION RESULTS

Another finding that remains consistent with two-load point implementation is the
increasing SAIFI when load point A is implemented with local V2G. While local V2G at
load point A results in an increased SAIFI, this is the only type of V2G integration at load
point A that will result in a SAIDI reduction from the base case. This can be seen in
scenarios 7 and 8 in which interregional V2G is implemented at load point A in FIGURE
5-11 while local V2G is implemented in FIGURE 5-12.
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FIGURE 5-11: SCENARIO 7 SIMULATION RESULTS

FIGURE 5-12: SCENARIO 8 SIMULATION RESULTS

When V2G is implemented at load points B and C, all combinations of local and
interregional V2G except for both interregional is an improvement of all reliability
indices. However, these improvements are not as large as those seen with local V2G at
load point A. Scenarios 17, 18, and 19 are shown in FIGURE 5-13, FIGURE 5-14, and
FIGURE 5-15.
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FIGURE 5-13: SCENARIO 17 SIMULATION RESULTS

FIGURE 5-14: SCENARIO 18 SIMULATION RESULTS
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FIGURE 5-15: SCENARIO 19 SIMULATION RESULTS

5.4 Three-Load Point
Since all load points use the same EV availability curve, the results for three-load
point V2G implementation are constant values since the customer counts remain
proportional to one another. Results for scenarios 20-27 remain consistent with the
previous findings. Combinations of local V2G with higher customer counts offer greater
SAIDI reductions. Scenarios 20 and 27 are shown in FIGURE 5-16 and FIGURE 5-17 to
show the best- and worst-case scenarios for reliability improvement in this system.
Scenario 20 features all local V2G implementation and reduces 2.56 hours from the base
SAIDI value of 4.06 hours. Scenario 27 is all interregional V2G implementation and
increases SAIDI by over 1.5 hours and SAIFI by over 3 times the base value.
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FIGURE 5-16: SCENARIO 20 SIMULATION RESULTS

FIGURE 5-17: SCENARIO 27 SIMULATION RESULTS
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5.5 SOC Comparison
While only 50% SOC was discussed in this chapter, all of the findings remain
consistent with 10% and 90% SOC. Improvements were proportional to SOC, with 90%
SOC having the greatest SAIDI improvement. More variance was also observed in 10%
SOC. FIGURE 5-18 is the SAIDI simulation results at 10% SOC while FIGURE 5-19
shows the simulation results at 90% SOC.

FIGURE 5-18: SCENARIO 2 AT 10% SOC SIMULATION RESULTS

FIGURE 5-19: SCENARIO 2 AT 90% SOC SIMULATION RESULTS
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FIGURE 5-20 compares the average SAIDI curves for 10%, 50%, and 90% SOC.
Based on this figure, the SAIDI improvement plateaus as SOC increases since the
improvement between 10% and 50% is much greater than that of 50% and 90%.

FIGURE 5-20: TOTAL AVERAGE SYSTEM SAIDI FOR 10%, 50%, AND 90% SOC
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6. CONCLUSION
The goal of this project is to develop a distribution network model and study the
impact of two-way power flow from bidirectional electric vehicle charging on reliability
indices. A main aspect of this thesis was to utilize a commercially available software,
Synergi Electric, to simulate the distribution model and vehicle-to-grid implementation.
To study the impacts of V2G accurately, load profiles, EV availability, and EV
battery capacity were taken into consideration. A simple radial distribution system with
three load points was modeled in this paper. A centralized charging topology was
developed in which all electric vehicles at a load point will be connected to a single bus.
In addition, the effects of interregional and local V2G were studied in this paper.
One of the main challenges of this paper was developing a method such that
battery capacity is taken into consideration when conducting reliability analysis using the
software. This limitation is not unique to Synergi Electric as traditional reliability
analysis calculations typically do not account for new developments in time-dependent
battery and renewable energy technologies. Rather than singular SAIDI or SAIFI values,
the results from this project were presented as time-of-day curves over 24 hours. This
presentation was necessary to show the span of outage duration and frequency that may
be experienced especially as energy availability varies throughout the day with DERs.
Based on the simulation results, the method proves to be sufficient in calculating SAIDI
and SAIFI reliability indices as the simulation produces values that align with theory.
The system was studied at 10%, 50%, and 90% state of charge with 27 different
scenarios for each SOC. In general, local V2G implementation is observed to be more
effective in improving system reliability instead of interregional V2G power flow which
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concurs with the authors in [25]. Simulation results also show that SAIDI can be reduced
by over 2.5 hours at most with all local V2G at all load points. SAIDI and SAIFI
improvements were also proportional to SOC, but the improvement gap lowered with
increased SOC. The results and method used in this thesis will be able to inform planning
engineers about the best locations and power flow implementation for future projects
involving bidirectional electric vehicle charging while using existing electrical simulation
software.
One area of improvement for this project would be to use a data set for SOC. This
is suggested because it is unlikely that all EVs will be at the same state of charge
throughout the day. This study evaluated only three different SOCs which were assumed
to be constant for each scenario. By combining the SOC data set with the EV availability
throughout the day, a more accurate model can be developed.
Another area of improvement for future work is to study the impact of vehicle-tohome on a dispersed power system topology. This topology is most likely to be seen in
residential neighborhoods which is important to study since all EVs are provided with
home charging equipment. Slower charging times will also be experienced with
residential charging so the method discussed in the paper may be improved to consider
the power rating of EV chargers. If a method for including power rating is developed, a
mixed study can be done with centralized and dispersed topologies with different level
chargers.
A simple radial system was developed in this project so another area for future
work is to use a larger distribution network. A radial IEEE bus system may be used for
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this larger distribution system. Overall, this project provides a framework for future work
regarding V2G reliability analysis using existing commercial software.
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